Foamy viruses (FV) are complex retroviruses that comprise one of two subfamilies. The FV replication strategy differs in many ways from that of orthoretroviruses such as human immunodeficiency virus (HIV-1) and is similar in some respects to that of hepadnaviruses such as human hepatitis B viruses (HBV). One of the major differences between FV and orthoretroviruses is the mode of Pol expression, regulation, and encapsidation into virions. Orthoretroviruses synthesize Pol as a Gag-Pol fusion protein. About one Gag-Pol is translated for every 20 Gag proteins, and such translational regulation balances the required levels of structural proteins and enzymatic proteins. The Gag-Pol fusion is packaged into virions by coassembly with self-assembling Gag proteins (reviewed in reference 9). However, FV Pol is synthesized from a separate spliced mRNA independently of Gag. This raises fundamental questions about how Pol expression is regulated and how Pol is selectively incorporated into assembling virus particles without Gag determinants. Recently, we have shown that Pol expression is regulated at the level of transcription by utilization of a suboptimal splicing site (14) . The details of FV Pol packaging are not yet known. HBV also expresses its reverse transcriptase (RT) (P protein) independently of the structural proteins. However, HBV P protein is responsible for packaging of genomic RNA and initiating assembly of capsids (18) , whereas FV Pol is not required for particle assembly or encapsdation of genomic RNA (1) . Thus, the mechanism of FV Pol incorporation is unique, differing from those of orthoretroviruses and hepadnaviruses.
The encapsidation of FV genomic RNA is essential for FV Pol packaging (11) . Two cis-acting sequences called Pol encapsidation sequences (PES) are required for Pol packaging (19) . One is located in the 5Ј long terminal repeat (LTR), and the other is at the 3Ј end of the pol gene. These sequences appear to partially overlap the cis-acting sequences required for RNA packaging (19) . It has been suggested that Pol binds to a complex region in RNA for encapsidation (19) . Since two RNAs are packaged, each is expected to bind only one or a few Pol dimers. Fewer Pol proteins are predicted to be in FV than in orthoretroviral particles. Not surprisingly, bacterially expressed FV protease (PR)-RT has shown to be more active and processive than HIV-1 RT in vitro (3) . It has been proposed that genomic RNA is packaged through Gag binding and that Pol is incorporated by directly binding to RNA, so that RNA functions as a bridging molecule between Gag and Pol (19) . However, these data do not exclude the possibility that direct interactions between Gag and Pol are required for RNA binding. The FV genome is organized like that of orthoretroviruses and contains open reading frames for the canonical proteins Gag, Pol, and Env that are derived from the LTR promoter, as well as additional 3Ј open reading frames for nonstructural proteins Tas and Bet originating from an internal promoter (Fig. 1 ). There are fundamental differences in the sequences and proteolytic cleavages of Gag and Pol proteins between FV and orthoretroviruses. Unlike orthoretroviral Gag, FV Gag is not cleaved into the matrix (MA), capsid (CA), and nucleocapsid (NC) proteins found in mature virions. Instead, FV PR cleaves only once at the C terminus of Gag to release a p3 peptide, resulting in FV particles that are morphologically similar to the immature particles of orthoretroviruses. Another prominent feature of FV Gag is that it does not contain the orthoretroviral cysteine-histidine (Cys-His) motifs flanked with clustered positively charged residues in NC. Cys-His motifs are required for essential steps of virus replication including reverse transcription, integration, genomic RNA packaging, viral assembly, and infectivity (reviewed in reference 9). Instead, FV Gag contains three glycine-and arginine-rich regions (GR boxes) at the C terminus of Gag. GR box 1 has nucleic acid binding activity in vitro, and GR box 2 contains a nuclear localization signal (24, 28) . The C terminus of Gag has been shown to contain domains important for RNA packaging as well as expression, cleavage, and packaging of the Pol protein (25) . Mammalian orthoretroviral Pol is synthesized as a precursor that is cleaved by viral PR into individual pol-encoded enzymes, PR, RT, and integrase (IN). However, FV Pol is cleaved only once to release an 80-kDa Pol protein (Pol; PR-RT) and a 40-kDa IN protein (Fig. 1) . Only the Pol precursor protein is packaged into particles; neither PR-RT or IN is encapsidated (19, 23) . Mutational analysis of the Pol cleavage site showed that precursor cleavage is required for IN, but not PR, activity and that RT activity is minimally affected by lack of cleavage (23) . A hallmark of FV is that reverse transcription occurs concurrent with, or right after, viral assembly, leading to an infectious DNA genome (17, 22, 27, 30) , but nothing is known about temporal regulation of reverse transcription.
We previously showed that truncation mutations at the C terminus of Gag variously affected the packaging of both RNA and Pol into virions (25) . However, that study utilized the premature termination codon mutations near the three GR boxes, and these mutations led to low levels of Pol protein expression (14) , making the analysis of mutational effects on Pol packaging difficult. To overcome this problem, in the present study we engineered precise deletion or substitution mutations of the GR boxes. These mutations did not have negative effects on Pol levels, and they allowed us to further characterize the role of the C terminus of Gag in both RNA and Pol packaging. We have found that the first GR box contains determinants that are necessary for Pol packaging. Specifically, the clustered positively charged residues in GR box 1 are not required for RNA packaging but are required for Pol packaging, suggesting that a Gag-Pol complex is a precursor to Pol packaging.
MATERIALS AND METHODS
DNA mutagenesis and cloning. All of the mutations at the C terminus of Gag were constructed in the context of full-length prototype primate FV containing a cytomegalovirus immediate-early promoter (pcPFV) (25) . Site-directed deletion or substitution mutations in Gag were obtained by two rounds of PCR using four oligonucleotides. Two outer oligonucleotides (forward and reverse) were designed to anneal to the 5Ј or 3Ј end of the gag gene with the addition of two engineered unique restriction sites at each end. Two inner mutagenic oligonucleotides (in either the forward or reverse orientation) were designed to be complementary to the gag sequences except for the desired mutations. PCRs were as previously described (14) . Each mutant construct was sequenced to confirm the presence of the correct mutational changes. Primer sequences will be supplied upon request. The deletion in a ⌬GR1 mutant starts at nucleotide position 2514 of the pcHFV (25) and ends at position 2594. A ⌬GR2 mutant has a deletion between positions 2661 and 2732 of the pcHFV vector.
Cell cultures and transfections. 293T cells and FAB cells (29) were cultured in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin. Transient transfection was done using 1 mg/ml polyethyleneimine (Polysciences, Warrington, PA) as previously described (5) . For the viral infectivity assay, the FAB assay was done as previously described (29) .
Western blot analysis. At between 45 and 48 h postransfection, cells were scraped off plates with 1ϫ sodium dodecyl sulfate (SDS) sample buffer (12.5% 4ϫ Tris-HCl-SDS [pH 6.8], 10% glycerol, 2% SDS, 1% 2-mercaptoethanol, 0.01% bromophenol blue), and lysates were prepared by using Qiashredder (Qiagen) in accordance with the manufacturer's protocol. The supernatants were collected, and cell debris was cleared by low-speed centrifugation and filtration through a 0.45-m-pore-diameter syringe filter. Viral particles were pelleted through 20% sucrose cushions at 25,000 rpm for 2 h using an L7 ultracentrifuge (Beckman). The viral pellets were resuspended in 1ϫ SDS sample buffer prior to loading onto SDS-10% polyacrylamide gels. Western blot analyses were as previously described (14) using a 1:5,000 dilution of polyclonal rabbit anti-Gag antibody (1), a 1:800 dilution of monoclonal mouse anti-Pol antibody (25) , or a 1:2,000 dilution of monoclonal mouse anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Proteins were visualized by the Odyssey detection system (Li-Cor, Lincoln, NE), according to the manufacturer's protocol. The Odyssey detection system was shown to have an eightfold linear range (23) .
Quantitation of Pol packaging efficiency by Western blot analysis. The amount of Pol protein in virions was normalized to the level of Pol in transfected cells. This calculated level of Pol was further normalized to the number of virions determined by calculating the ratio of Gag proteins in the medium to Gag proteins expressed in the cells after the level of cellular Gag was normalized to that of an endogenous GAPDH protein.
Iodixanol density gradient centrifugation and fractionation. Equilibrium centrifugation was carried out on a 20 to 55% iodixanol step gradient in phosphatebuffered saline. Particles pelleted as described above were loaded onto the gradient and centrifuged in a Ti55 rotor at 32,000 rpm and 4°C for 18 h. Aliquots of 320 l were collected from the top, and a total of 13 fractions were prepared to be analyzed for density. Proteins in each fraction were precipitated with 10% trichloroacetic acid and resuspended in 1ϫ SDS sample buffer for Western blot analysis.
RPA. At between 45 and 48 h postransfection, RNA was extracted from cells and pelleted virions, and RNase protection assay (RPA) analysis was done as previously described (15) using an FV LTR-specific riboprobe as detailed previously (25) . Reactions were run on 5% polyacrylamide gels, and the dried gels were directly scanned with a Molecular Dynamics PhosphorImager. Radioactively labeled protected bands were quantitated with ImageJ software. The RPA has shown to have a fivefold dynamic range (19) . normalized to the level of FV RNA in cells (measured by RPA). This calculated level of RNA was further normalized to the number of virions determined by calculating the ratio of Gag proteins in the medium to the Gag proteins expressed in the cells after the level of cellular Gag was normalized to that of an endogenous GAPDH protein (measured by the Odyssey detection system).
RESULTS

Mutations in GR box 1 decrease Pol packaging into virions.
Previously we found that truncation mutations that removed the C terminus of FV Gag affected many processes of viral assembly (25) . A Gag C-terminal truncation mutant lacking all three GR boxes and flanking sequences abolished genomic RNA packaging as well as Pol expression and packaging. However, a smaller deletion that removed only the regions downstream of GR box 2 had nearly wild-type (wt) levels of Pol expression and RNA packaging. These results suggested the possibility that GR box 1, GR box 2, and/or the flanking sequences contain determinants for RNA and Pol packaging. To investigate the roles of the C terminus of Gag in viral assembly, we generated precise deletions of either GR box 1 or 2 in the full-length pcPFV provirus (25) or used a previously described mutant containing a substitution of hemagglutinin (HA) sequences for GR box 1 (28) (Fig. 2A) . Western blot analysis was used to examine intracellular and supernatant Gag and Pol protein expression and packaging ( Fig. 2B and C) . Cells transfected with the three Gag mutants expressed wt levels of Gag proteins in cells (Fig. 2B, lanes 3 to 6) and in the pelletable supernatants (Fig. 2B, lanes 9 to 12) . It is known that Env is required for FV egress from cells (1, 8) . Therefore, as a control for nonspecific particle release, a mutant lacking the Env protein (⌬Env) was used and was found to synthesize intracellular Gag at wt levels but not to produce extracellular particles (Fig.  2B, lanes 2 and 8) . All mutants synthesized at least wt levels of Pol proteins in cells (Fig. 2C, lanes 3 to 6) . Cells transfected with the deletion of GR box 1 (⌬GR1) consistently expressed more Pol than wt (Fig. 2C, lane 4) . The ⌬GR2 mutant showed Pol detected in pelletable supernatants, although less than wt (Fig. 2C, lanes 9 and 12) . However, in spite of the higher expression of Pol in cells transfected with the ⌬GR1 mutant, Pol packaging was greatly reduced (Fig. 2C, lane 10) . Further, we could not detect any extracellular Pol from cells containing the HA substitution mutant (GR1-HA) (Fig. 2C, lane 11) . We quantitated the efficiency of Pol packaging normalized to wt, as detailed in Materials and Methods (Table 1) . We found that the two mutations of GR box 1 reduced Pol packaging from 50-fold (⌬GR1) to 1,000-fold (GR1-HA), while ⌬GR2 retained about 40% of the wt Pol packaging level. Infectivity of the mutants was measured by the FAB assay as described previously (29) (Table 1). ⌬GR1 had 0.1% of wt infectivity, and GR1-HA is noninfectious. Despite only a 2.5-fold reduction in Pol packaging, ⌬GR2 showed a 100-fold reduction in infectivity, indicating the requirement for GR box 2 in other stages of viral replication. These results suggest that GR box 1 contains a sequence required for Pol packaging.
GR box 1 is not required for RNA packaging. Since PES in genomic RNA are required for efficient incorporation of Pol into virions (11), one possible reason for the decreased or abolished Pol packaging seen in the GR box 1 mutants is that they lack viral RNA. To quantitate the RNA packaging efficiencies of the mutants, 293T cells were transfected with wt or mutant proviral plasmids and RPAs were performed ( Fig. 3A  and B) . Each of the cell lysates except for the mock transfection showed a band of 260 nucleotides (nt), representing the 3Ј end of the viral genomic RNA (Fig. 3B, cell) . As previously a The efficiencies of Pol packaging were normalized to that of the wt as measured by Odyssey Western blot analyses as shown in Fig. 2 and 4 . The numbers are the averages and standard deviations from three or four independent assays.
b Infectivity was measured by the FAB assay as described previously (29) . The numbers are the averages and standard deviations from four independent assays. (25), 3Ј genomic RNA was more readily detected with the LTR riboprobe than 5Ј genomic RNA, although the reason is not known. RNA extracted from the pelletable supernatant from wt-transfected cells showed all three protected fragments of 427 nt (genomic or proviral DNA), 330 nt (5Јend of genomic RNA), and 260 nt (Fig. 3B, virus) . All three Gag mutant RNAs resulted in detection of 330-and 260-nt bands, although these were less intense than those of the wt. RNA from the negative control pellets (⌬Env or mock transfected) did not result in protected fragments. To quantitate the RNA packaging efficiencies of each mutant, portions of each cell lysate or viral pellet were quantitatively analyzed for Gag by Western blot analyses (Fig. 2B) . All mutants expressed similar amounts of cellular Gag. However, all of the GR box mutants released less than one-seventh of the number of particles released by the wt in this experiment (Fig. 2B) . The Western blot results, along with the RPA results, were quantitated using ImageJ software, and the RNA packaging efficiencies were calculated as described in Materials and Methods. All three mutants packaged RNA at 60 to 80% of the wt level (0.63 Ϯ 0.04, 0.81 Ϯ 0.07, and 0.68 Ϯ 0.21 [averages Ϯ standard deviations] for ⌬GR1, GR1-HA, and ⌬GR2, respectively). Thus, we can conclude that deletion or substitution of GR box 1 prevents Pol, but not RNA, packaging, while deletion of GR box 2 does not affect either RNA or Pol packaging. These results suggest that GR box 1 contains a domain required for Pol interaction. GR box 1 is required for Pol packaging but not VLP formation. In order to delineate which amino acid residues in GR box 1 are necessary for Pol packaging, we created a series of amino acid substitution mutants (Fig. 4A) . First, we replaced the N-terminal 11 amino acids in GR1 with alanines (Fig. 4A,  GR1Ala) . Gag proteins of the GR1Ala mutant were expressed and detected in both cells and pelletable supernatants at the same level as for the wt (Fig. 4B, lane 4) . Pol was expressed at wt levels in cells but was detected at very low levels in virus particles (Fig. 4C, lane 4) . GR1Ala virus was not competent for Pol packaging and was replication defective (Table 1) . One explanation for these results is that the extracellular Gag is in aggregates rather than bona fide virus-like particles (VLPs). In order to determine whether expression of GR1Ala or ⌬GR1 leads to production of VLPs, the density of extracellular pelletable Gag was measured. Concentrated supernatants from transiently transfected 293T cells with each mutant proviral plasmid DNA were layered onto iodixanol step density gradients. The density profiles of each fraction from the ⌬GR1, GR1Ala, and wt gradients were similar (Fig. 5A) . For both mutants, Gag proteins were recovered in the same fractions as for the wt (fractions 8 and 9 in Fig. 5B to D) at the expected density for FV (27) . Since VLPs would be expected to contain nucleic acid, we next examined the efficiency of genomic RNA packaged into the GR1Ala mutant ( Fig. 3C and D) . Although the GR1Ala-transfected cells expressed levels of Gag proteins equivalent to those for the wt, fewer mutant particles were released into the supernatant (Fig. 3C) . We used the same FV LTR riboprobe for RPA as in Fig. 3A . Although the mutant showed somewhat reduced levels of viral genomic RNA in the pelletable supernatant (Fig. 3D) , quantitation based on particle numbers showed that the GR1Ala mutant packaged genomic RNA as efficiently as the wt (efficiency of 1.10 Ϯ 0.34 relative to the wt). Taken together, these results show that elimination of GR box 1 by alanine substitution or deletion does not affect virus assembly or RNA packaging but prevents Pol incorporation into VLPs.
Positively charged residues, but not glycine residues, in GR box 1 are required for Pol packaging. Since arginine/glycine residues are conserved in the GR boxes of all FV isolates, either or both of these two amino acids could be required for Pol packaging. We performed site-directed mutagenesis of the N-terminal 11 amino acids of GR box 1 to create the additional mutants depicted in Fig. 4A . To test whether introduction of arginine residues into the GR1-HA mutant can restore the ability to package Pol, we created an HAArg(ϩ) mutant based on the sequence of GR1-HA that is defective for packaging, by replacing residues in the GR1-HA sequence with arginines at the same position as found in the wt. The importance of glycine residues was tested by replacing them in the wt sequence with amino acids found in the HA sequence to create Gly(Ϫ). To test the requirement for basic residues, lysines were substituted for arginines in the wt to create Lys(ϩ). The levels of Gag and Pol expression were measured by Western blot analysis ( Fig.  4B and C) . In all three mutants, similar levels of intracellular Gag proteins were synthesized and released to the supernatant from the transfected cells (Fig. 4B, lanes 5, 8, and 11) . Amounts of Pol equivalent to those for the wt were expressed intracellularly and packaged into pelletable particles (Fig. 4C, lanes 5, 8, and 11) . Pol packaging efficiencies of the mutants were in a range of 35 to 64% of the wt level (Table 1 ). All three mutants had high infectious titers, at least 30% of wt (Table 1) . These results indicate that GR box 1 Gly residues are not required for Pol packaging and that only basic residues in GR box 1 (either lysine or arginine) are required.
GR box 1 can be replaced with other GR boxes for Pol packaging. Among the three GR boxes, the only conserved residues are Gly and Arg, although the number and relative position of Gly and Arg vary. Both GR boxes 2 and 3 are intact in the GR box 1 mutants that are deficient for Pol packaging, showing that GR boxes distal to GR box 1 cannot compensate for the lack of basic residues at the GR box 1 site. We next asked whether moving the other GR boxes to the position of GR box 1 would allow them to be used for Pol packaging. To test this, we substituted either GR box 2 or 3 for GR box 1 (Fig. 4A) . Both the GR2-subs and GR3-subs mutants expressed intracellular Gag proteins and produced extracellular pelletable Gag at levels equivalent to those for the wt (Fig. 4B, lanes 6 and 15) . Both precursor and cleaved Pol were detected at levels at least as high as those for the wt in cells, and cleaved Pol was packaged as efficiently as wt Pol (Fig. 4C, lanes 6 and 15) . We found that the mutants packaged high levels of Pol and were as infectious as the wt (Table 1 ). This suggests that for Pol interaction as few as two positively charged amino acids at the site of GR box 1 are sufficient. To examine whether any other amino acids near the basic residues in GR box 1 are required for Pol packaging, alanines were substituted for amino acids in GR box 1, leaving only the central five amino acids, Arg-Gly-Arg-Gly-Arg, intact (Fig. 4A , mini GR1 mutant). The mini GR1 mutant assembled Gag particles, packaged Pol 45% as efficiently as the wt, and was infectious ( Fig. 4B and C, lane 7; Table 1 ). Thus, as few as two positively charged amino acids at the center of GR box 1 in the Gag protein are sufficient for the Gag-Pol interactions required for Pol incorporation into virus particles. 
DISCUSSION
In this study, we examined the requirement for Gag sequences in packaging of Pol into FV. Distinct from orthoretroviruses and similar to HBV, FV require specific regions of genomic RNA for Pol packaging (11) . However, such a requirement does not preclude the possibility that Pol must first bind to Gag prior to interaction with the RNA sequences to permit encapsidation. The PES lie near to, or overlap, the sequences required for genomic RNA packaging (19) . Since FV Gag processing and Pol and RNA incorporation into virions appear to be coupled, it is difficult to analyze the complex interactions between Gag, Pol, and RNA in virus assembly by modifying only one variable without altering the other two variables. One strategy to overcome this hurdle is to use an FV four-vector system based on the cotransfection of cells with four plasmids independently expressing Gag, Pol, Env, and packageable RNA (11) . These vectors were used by Peters et al. (19) to define two regions of PES essential for Pol packaging but dispensable for RNA packaging. However, a potential problem of the four-vector system is that each component is overexpressed so that the normal ratios of the viral components are not retained. We first attempted to use the fourvector system to examine whether Gag-Pol interactions are required for Pol incorporation into virions. However, we found that a large excess of Pol expression relative to Gag from separate cytomegalovirus promoter-driven plasmids negated the normal regulation of Pol and interfered with the effects of mutations of Gag on Pol packaging (data not shown), so this approach was not pursued.
We instead used Gag mutations in the context of the fulllength provirus. We searched for Gag mutations that uncouple RNA and Pol packaging, and in the present study, we describe several GR box 1 mutants which packaged genomic RNA similarly to the wt but were defective in Pol packaging. The existence of such mutants strongly suggests that interactions between Gag and Pol are required for RNA binding. We cannot rule out indirect roles for Gag in Pol packaging. One possibility is that Pol alone binds to RNA through the PES but that Gag binding is required to stabilize the Pol-RNA complex. A second is that Gag binds to Pol to bring it to the site of viral assembly at the pericentriolar region (31) , where Pol is then packaged into assembling particles. However, we favor a model in which Gag interacts with Pol and then Gag in a complex binds to RNA, which brings Pol into the virions, as a "passenger." Having RNA binding specificity in Gag rather than Pol makes sense, in that Pol must be able to travel along the entire length of the genome in order to synthesize cDNA. Having a high-affinity RNA binding site in Pol could be problematic in this regard. The model that the Gag-Pol complex is assembled into virions via binding to RNA, not through Gag-Gag interactions, predicts that Gag-Pol cannot coassemble with Gag through protein-protein interactions because the Gag structure in the complex is different from that of free Gag. Our model suggests that for FV, rather than Gag being physically linked to Pol as in orthoretroviruses, leading to Pol packaging through Gag-Gag interactions, a Gag-Pol complex forms and then Gag in the complex binds to RNA, leading to Pol incorporation.
In orthoretroviruses such as HIV-1 and avian leukosis sarcoma virus, the NC domain, corresponding to the C terminus of FV Gag, has two conserved structural features involved in genomic RNA packaging (reviewed in reference 2). One is the Cys-His (CH) motifs themselves, and the other is the clustered basic residues surrounding the CH motifs. Mutational analysis show that it is the stretches of positively charged residues and not the CH motifs that are required for recognition and binding to packaging signal ()-containing RNA for packaging. However, the structure contributed mainly by the CH motifs also needs to be present to allow RNA packaging (10, 13, 21) . In FV Gag, there appear to be redundant determinants for RNA packaging at the C terminus, since deletion of either GR box 1 or 2 does not abolish RNA packaging. It is possible that clustered positively charged residues in the GR boxes are involved in binding to sequences for genomic RNA packaging in FV as well, although this has not yet been examined. Basic residues in the GR boxes could play different roles in Gag-Pol and Gag-RNA interactions, which is reminiscent of situation in avian leukosis sarcoma virus NC, where the basic residues play different roles in Gag-Gag and Gag-RNA interactions (15) . In the case of FV, Gag binding to RNA for RNA packaging may require only clustered positively charged residues, while Gag binding to Pol for incorporation into virions re- quires more complex interactions inherent in the protein tertiary structure encompassing GR box 1.
The FV PR proteolytic cleavages of Gag and precursor Pol (PrPol) are essential for virus replication (7, 23) . Like other retroviral PRs, FV PR belongs to the same family of aspartic PRs as orthoretroviral PRs and functions as a homodimer with the active site formed by two PR monomers (20) . Since only PrPol, and not the individual cleavage products PR-RT and IN, is incorporated into virus particles (19) , it has been hypothesized that PrPol dimerizes during assembly into particles and that dimerization leads to activation of PR, which then cleaves both PrPol and Gag. For this reason, Gag processing has been considered to be indicative of Pol packaging into assembling particles (11, 19, 23) . Inconsistently with this hypothesis, however, some of the GR1 mutants fail to package Pol into particles, although there is cleaved Gag in both cell lysates and pelletable supernatants. FV capsid assembly occurs in a pericentriolar region of the cytoplasm through a cytoplasmic targeting/retention signal (CTRS) in Gag (31) . The Gag protein of a CTRS-negative mutant does not accumulates at the pericentriolar area, as visualized by immunofluorescence (31) , and transmission electron microscopy did not reveal VLPs at the pericentriolar region (16) , indicating that the CTRS-negative mutant is deficient in normal virus assembly. In the CTRS-negative mutant, cellular Gag proteins were cleaved about 50% as efficiently as in the wt (6) . In addition, PR was shown to cleave its own precursor Pol protein in the absence of Gag when they were expressed in the cells transfected either with a mutant proviral DNA lacking gag (23) or with components of the four-vector system without the pGag plasmid (11) . Taken together, the results imply that FV PR can be activated intracellularly, in the absence of Pol incorporation into assembling particles. It is possible that Pol interacts with Gag to cleave off the p3 peptide near the pericentriolar region or in other regions of the cytoplasm. It is unlikely that interactions between Gag and Pol take place in the nucleus, although both proteins were transiently localized there (12, 24, 28) , since a Gag mutant lacking the nuclear localizing signal found in GR box 2 (24, 28) has normal proteolytic cleavages in both Gag and Pol.
Immunofluorescence studies of FV-infected cells show that Pol proteins accumulate to appreciable levels in the cytoplasm outside of the pericentriolar region (S. F. Yu, unpublished data). Since defined RNA binding sites are required for Pol packaging, it is likely that only a small number of Gag-Pol complexes bind to the RNA and are packaged. This raises the question of what the biological role (if any) is for the intracellular FV Pol proteins that are not packaged but accumulate in both the nucleus and cytoplasm. In both HBV and duck HBV, high levels of the P protein (RT) are detected in the cytoplasm and have been shown to suppress the accumulation of mRNA and pregenomic RNA, resulting in the reduced production of viral proteins, including the P and capsid proteins (4, 26) . Those authors speculate that high levels of intracellular P protein lead to the maintenance of chronic infection by the suppression of the immune response. However, it is not known whether intracellular FV Pol also has a role in negative feedback regulation of mRNA for viral proteins.
In summary, we have identified Gag mutants which assemble particles of normal density that contain RNA but lack Pol.
These results extend our understanding of the unique mechanism of Pol encapsidation and demonstrate that specific sequences in the C terminus of Gag (equivalent to the orthoretroviral NC region) are required, in addition to genomic RNA sequences.
